Activation of astrocytic metabotropic glutamate receptor 5 (mGluR5) is postulated to elicit calcium transients, triggering a chain of events that ultimately regulates cerebral blood flow by changing the tone of smooth muscle cells of nearby arterioles. Using concurrent in vivo optical imaging and determination of receptor occupancy with 11 C-ABP688, we report here that blocking B80% of mGluR5 in vivo does not affect transient hemodynamic responses on brief whisker stimulations while transiently reducing neuronal activity as measured by voltage-sensitive dye imaging. Our results show that mechanisms other than activation of mGluR5 are required to trigger the initial hemodynamic response in normal physiological conditions.
Introduction
Neurovascular coupling (NVC) refers to the relationship between local neural activity and subsequent changes in cerebral blood flow (CBF). First described by Mosso in 1881, NVC ensures the proper supply of oxygen and nutrients to active brain regions and was subsequently shown to reflect the relaxation of vascular smooth muscle cells-and perhaps pericytes-of a specific brain area in response to a localized enhancement of neuronal activity. NVC is mediated by a complex flow of information among neurons, astrocytes, pericytes, and the vasculature, which act in concert to maintain proper cerebral perfusion.
Research in the field of NVC is highly relevant because it provides the basis for a better understanding of widely used functional imaging modalities based on CBF as a surrogate of neuronal activity.
Furthermore, many of the most severe neurodegenerative diseases involve the vascular system, as well as the supply of blood-borne substrates and oxygen. Although the complex processes governing the regulation of local CBF are not completely understood and many important questions still unanswered, astrocytes have been identified in the last few years as key players in controlling local blood flow. Strategically located in an ideal position between neurons and vessels, astrocytes can integrate neurotransmitter signals from thousands of synapses (Bushong et al, 2002) and relay this information to the arterioles (Metea and Newman, 2006) . The specific close interactions among these different cell populations have led to the concept of a neuron-astrocyte-vasculature tripartite functional unit (Vaucher and Hamel, 1995) .
One astrocytic pathway in particular has recently attracted a lot of attention. It has been reported that activation of the astrocytic metabotropic glutamate receptor mGluR5 triggers Ca 2 + transients in astrocytes (Wang et al, 2006) and affects NVC (Zonta et al, 2003) . Antagonists of group I metabotropic glutamate receptors (mGluR1 and mGluR5) were found to inhibit Ca 2 + elevation in astrocytic endfeet and to reduce CBF increase in the somatosensory cortex of rodents on forepaw stimulation (Zonta et al, 2003) .
It is postulated that these astrocytic Ca 2 + transients lead, in turn, to the production and release of vasoactive prostaglandin E 2 by astrocytes . The enzyme phospholipase A 2 mediates this mechanism. In the mouse olfactory bulb, the role of mGluRs in the regulation of NVC is still controversial. Gurden et al (2006) discarded any involvement of metabotropic receptors in intrinsic signals evoked by odors, and the local odor-evoked CBF functional increase was not affected by LY367385 application to one glomerulus (Chaigneau et al, 2007) . However, Petzold et al (2008) have described a reduction of glomerular functional hyperemia on topical application of 6-methyl-2-(phenylethynyl)-pyridine (MPEP) and (5)-a-methyl-4-carboxyphenylglycine (MCPG), respectively, on selective mGluR5 and unselective group I/II mGluR antagonists.
Metabotropic glutamate receptor 5 is a G-proteincoupled receptor that has a key role in the release of Ca 2 + from internal stores via inositol triphosphate mobilization. It is highly expressed mainly in telencephalic regions, including the cerebral cortex, hippocampus, subiculum, olfactory bulbs, and nucleus striatum (Ferraguti and Shigemoto, 2006) . High levels of astrocytic mGluR5 expression have also been observed in reactive glia and are thus often associated with non-physiological conditions (Aronica et al, 2000; Notenboom et al, 2006) .
Here, we report that pharmacological blockage of mGluR5 and mGluR1 does not affect NVC in the somatosensory cortex of adult anesthetized rats on brief whisker stimulation of 4 and 24 seconds. Concurrent b-probe measurements using the radiotracer 11 C-ABP688, which binds with high specificity to the allosteric site of mGluR5 (Wyss et al, 2007) , show that our protocol leads to a pharmacological receptor blockage of B80% in the somatosensory cortex, confirming blood-brain barrier passage and binding action of the drug. Under the same conditions, voltage-sensitive dye (VSD) imaging shows a transient reversible reduction of neuronal activity on mGluR5 blockage within the first minutes. Taken together, these results suggest that mGluR5 activation does not have a significant role in the onset and possibly in the short-term maintenance of the hemodynamic response in adult rats, and thus call for a revision of the current astrocytic model of NVC at these time scales.
Materials and methods

Animals
The experiments were performed by licensed investigators, and the experimental procedures were reviewed by an ethical committee and authorized by the cantonal veterinary authority. The animals (40 male Sprague-Dawley rats weighing 200 to 300 g) were provided by Harlan Laboratories (Horst, Netherlands) and were kept in cages in a ventilated cabinet with standardized conditions of light (night/day cycle: 12 hour/12 hour) and temperature, and free access to food and water was permitted. To exclude a strain effect, additional experiments were conducted using Wistar rats (n = 3); no difference was observed between the two strains (data not shown).
Surgical Preparation
All surgical procedures were performed under isoflurane anesthesia (2.5% to 3.5%). Catheters (PE-50) were inserted into the right femoral artery and vein. For radiotracer measurements, the vessels of the left hindlimb were also cannulated for the placement of an arteriovenous shunt. The animals were tracheotomized and artificially ventilated. The skull above the barrel cortex (1 mm caudal and 3 to 6 mm lateral from bregma) was carefully thinned using a dental drill (Bien Air Medical Technologies, Bienne, Switzerland). The thinned area was then covered with 2% agarose type III-A (Sigma, St Louis, MO, USA) in Ringer's solution (in g/L: NaCl 8.6, CaCl 2 0.30, and KCl 0.30) and with a circular glass coverslip of 5-mm diameter. The animals' temperature was kept at 371C with a heating blanket and blood gases were maintained within physiological ranges by adjusting the ventilation when necessary. After surgery, isoflurane was discontinued (or reduced to a maximum of 0.5% when necessary) and anesthesia was maintained with a first subcutaneous injection of a-chloralose (44 mg/kg; Sigma, Buchs, Switzerland), followed by continuous subcutaneous infusion (22 mg/kg/ hour). This anesthetic regime is considered ideal for studies of neurovascular and neurometabolic coupling (Bonvento et al, 1994) . The level of anesthesia was controlled by observing arterial blood pressure during stimulation and by tail pinch. Experiments were performed after a postoperative recovery period of at least 1 hour to obtain a stable level of a-chloralose anesthesia and stable imaging signals.
Sensory Stimulation
After a baseline of 2 seconds, the vibrissae contralateral to the thinned skull were deflected using air puffs for 4 seconds at a frequency of 4 Hz. Ten trials were averaged for each subexperiment. In an additional subset of experiments, after a baseline of 4 seconds, vibrissae were deflected for 24 seconds and five trials were averaged for each recording. For VSD experiments, a single whisker was deflected once and 10 trials were averaged for each condition.
Intrinsic Optical Imaging
Cortical images were acquired using two 12-bit CCD cameras (Pixelfly VGA, PCO Imaging, Kelheim, Germany) attached to a motorized epifluorescence stereomicroscope (Leica MZ16 FA, Leica Microsystems, Heerbrugg, Switzerland) focused 0.5 mm below the cortical surface. Two-dimensional optical spectroscopy was performed using the method described by Dunn et al (2003) . The six wavelengths (560, 570, 580, 590 , 600 and 610 nm, 10 nm full width at half maximum (FWHM)) were produced with a monochromator (Polychrome V, Till Photonics, Grafelfing, Germany) and coupled in the microscope using an optical fiber. Images were acquired with 30 Hz and the monochromator was synchronized with the image acquisition (each frame was acquired with a different illumination wavelength). The second camera was used to simultaneously measure CBF using dynamic laser speckle imaging. The method is described in detail elsewhere (Zakharov et al, 2009) . A 785-nm laser light (TuiOptics, Munich, Germany) was shone onto the cortex and images were acquired at 30 Hz with an exposure time of 10 milliseconds.
Pharmacological Interventions
6-Methyl-2-(phenylethynyl)-pyridine and LY367385 were supplied by Tocris Bioscience (Bristol, UK) and injected intravenously at 1.2 mg/kg body weight or 4.0 mg/kg as specified in the text (dissolved in dimethyl sulfoxide, dimethyl sulfoxide reaching a maximum of 2% of the final concentration in NaCl). 6-Cyano-7-nitroquinoxaline-2,3-dione (Tocris Bioscience) was injected at 15 mg/kg body weight (1:1 polyethylene glycol:NaCl). 2-(3-Methoxy-phenylethynyl)-6-methyl-pyridine (M-MPEP), provided by FG, was administered intravenously at different concentrations (in a range from 1 to 8 mg/kg, as specified in the text; 1:1 polyethylene glycol:NaCl). Both the MPEP and M-MPEP infusions were delivered at a very slow rate (B0.2 mL/minute).
Radiotracer Experiments
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C-ABP688, a PET ligand for the study of mGluR5 (Wyss et al, 2007) , was used for the determination of receptor density (B max ) before and 10 minutes after injection of M-MPEP. Radiotracer experiments included measurements of time courses of tracer accumulation in the left somatosensory cortex using a beta scintillator for surface acquisitions ) and the online acquisition of total arterial 11 C activity in the arteriovenous shunt. For the latter purpose, the shunt was run through a coincidence counter (GE Medical Systems, Opfikon, Switzerland). The online arterial sampling procedure is described in detail elsewhere (Weber et al, 2002) . Whole-blood activity was then corrected for (i) the relative concentration of 11 C-ABP688 in plasma versus whole blood and (ii) the concentration of labeled metabolites.
For the tissue acquisitions, the scintillator was adjusted just above the thinned skull covering the somatosensory cortex. The count rate was stored on a personal computer using a bin width of 1 second, yielding tissue time-activity curves. During both conditions (baseline/blockage), data were acquired for 20 minutes. After each experiment, the beta scintillator was calibrated with a known concentration of 11 C activity. Injected activities were in the range of 40 to 104 MBq throughout all experiments, and the injected mass of ABP688 was 0.49 to 4.08 pmoles/g body weight. This methodology used to quantify mGluR5 using 11 C-ABP688 is described in detail elsewhere (Wyss et al, 2007) .
Voltage-Sensitive Dye Imaging
For VSD imaging, the dye RH1691 was dissolved at 1 mL/mL in Ringer's solution. A cranial window was drilled on the right hemisphere above the whisker barrel cortex (bregma, 0 to À5 mm; lateral, 2 to 7 mm). After removal of the bone, dura was left intact to reduce movement artifact and tendency to edema. Around the craniotomy, a few layers of dental cement were applied to form a trough to prevent dye leakage during the staining process. The dye was topically applied and was allowed to diffuse into the cortex for 90 minutes. During staining, the dye was continuously circulated by a peristaltic pump (Reglo digital, Ismatec SA, Glattbrugg, Switzerland). Thereafter, the unbound dye was removed and the area was washed with dye-free Ringer's solution for more than 15 minutes. The fluid-filled chamber was then covered with a glass coverslip. For imaging, the dye was excited with 630-nm light from a LED lamp (Thorlabs GmbH, Dachau/Munich, Germany). The excitation light was reflected by a 650-nm dichroic mirror and focused onto the cortical surface with a camera lens. Fluorescent emission light was collected via the same optical pathway, but without mirror reflection, long-pass filtered ( > 670 nm), and focused onto the sensor of a high-speed Micam Ultima camera (Scimedia, Costa Mesa, CA, USA). This high-speed CMOS-based camera has a detector of 100 Â 100 mm. Images were collected with 1-millisecond temporal resolution. Acquisitions were performed before and 5, 15, 30, 45, and 60 minutes after the intravenous injection of 4 mg/kg M-MPEP. Because of the high sensitivity of the VSD method, the VSD signal was elicited by a single whisker deflection.
Data Analysis
Image analysis and radiotracer kinetic analysis were performed using custom-written Matlab routines and the software package PMOD (Mikolajczyk et al, 1998) .
Optical Imaging: The analysis of the multiwavelength spectroscopy followed the protocol of Dunn et al (2003) . Baseline values for total hemoglobin concentrations were set to 100 mmoles/L with 70% oxygen saturation, which implies C 0 HbO = 70 mmoles/L and C 0 HbR = 30 mmoles/L. To quantify CBF, speckle images were processed as described recently (Zakharov et al, 2009 ) using 5 Â 5 spatial and 25 temporal binning. Circular regions of interest (0.5 mm 2 ) were drawn manually over the area of maximal signal increase to extract the signal time courses. The 10 trials (5 in long-term stimulation experiments), which were performed within 12 minutes in each animal, were averaged. All data represent the mean ± s.e.m. used for each experimental condition. Spectroscopic and CBF maximum signals in the presence of pharmacological intervention were normalized to the control condition.
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C-ABP688 Radiotracer Kinetic Modeling: The applied methods consisted of standard compartmental modeling using an arterial input function. Tracer kinetics were modeled using a two-tissue compartment model with rate constants K 1 Àk 4 , which has been shown to be suitable for Blockage of mGluR5 does not affect neurovascular coupling N Calcinaghi et al the description of 11 C-ABP688 data (Wyss et al, 2007) . To achieve stable fits, K 1 /k 2 and k 4 were fixed at 1.6 and 0.05/ minute, respectively, for both conditions (baseline/blockage), corresponding to mean values of free fitting using two tissue compartments. For data analysis, background counts were subtracted and all time-activity curves were decay corrected (physical half-life = 20.38 minutes) to the time point of injection and converted to kBq/mL taking into account a determined calibration factor (see above). For details of the analysis procedure, see the previous description of the approach (Wyss et al, 2007) .
Voltage-Sensitive Dye: Bleaching of fluorescence was corrected by subtraction of a best-fit double exponential. Time courses of fluorescence changes were quantified as DF/F 0 from circular regions of interest of constant diameter adjusted to the activation area. To compare VSD signals from different animals, regions of interest were centered on the location of the earliest response. Amplitude was defined as the difference between the maximal response and the baseline signal just before the onset of whisker stimulation. Within single studies, amplitude changes across acquisitions were normalized to the signal amplitude of the baseline examination ( = acquisition before M-MPEP injection).
Statistics: The required sample size was estimated before the study based on published data (Zonta et al, 2003) , where a CBF response of 23 ± 7.0% (mean ± s.e.m.; n = 5) was reduced to 8±1.8% by mGluR blockage. The authors report that a t-test for paired samples yielded P < 0.01, from which follows tZ4.6 (df = 4) and effect size dZ2.05. On the basis of these parameters, a minimum sample size of n = 8 was determined (Software G*power, University of Dü sseldorf, Germany). Differences between hemodynamic responses before and after receptor blockage were statistically analyzed using the Wilcoxon signed-rank test.
Results
To control for the role of mGluR5 in the regulation of CBF, we assessed NVC before and after pharmacological manipulations of the receptor. More specifically, we used multiwavelength spectroscopy to reveal quantitative spatiotemporal changes of deoxyhemoglobin (HbR), oxyhemoglobin (HbO), and total hemoglobin (HbT) concentrations. Concurrently, we used laser speckle contrast imaging maps to measure relative CBF changes (Zakharov et al, 2009 Figure 1A shows a typical hemodynamic response of the somatosensory cortex on brief whisker stimulation with colocalized changes in HbR, HbO, HbT and CBF. Spatiotemporal hemodynamic and metabolic responses were measured in a series of (i) control experiments (n = 5 animals) and in the absence and presence of pharmacological intervention using (ii) MPEP and LY367385 (n = 7 animals), (iii) M-MPEP (n = 8 animals), and (iv) 6-cyano-7-nitroquinoxaline-2,3-dione (n = 6 animals). To investigate the effect of group I mGluR block on NVC, MPEP and LY367385 (mGluR5 and mGluR1 blockers, respectively) were administered intravenously (1.2 mg/kg). These compounds readily pass through the blood-brain barrier (Gasparini et al, 1999 (Gasparini et al, , 2002 . Surprisingly, no significant changes were observed in the evoked hemodynamic responses after blockage of these mGluRs ( Figure 1B and 1C) . To further confirm these results, we studied the effect of a more effective mGluR5 blocker, M-MPEP, which is five times more potent than MPEP (Gasparini et al, 1999 (Gasparini et al, , 2002 . Again, no significant reduction of evoked hemodynamic signals was observed between baseline condition and 10 minutes after M-MPEP pharmacological intervention ( Figures 1B and 1C) . However, the CBF signal was slightly but significantly increased by M-MPEP injection. In a separate set of animals, hemodynamic responses were evaluated before and 10 minutes after systemic injection of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), an AMPA/kainate receptor antagonist. The neuronal activity block elicited a significant reduction in all hemodynamic parameters and in CBF.
Steady-State Hemodynamic Responses Are Not Affected by Blockage of Group I Metabotropic Glutamate Receptors
After demonstrating that group I mGluR block does not affect NVC mechanisms during brief whisker stimulation, we wanted to explore the contribution of mGluR5 to more sustained blood flow responses. Hemodynamic responses before and after injection of group I mGluR antagonists were evaluated in four animals during 24 seconds of whisker stimulation. Stimulus-evoked responses exhibited an initial peak, followed by a steady-state component that lasted until the stimulation was discontinued (Figure 2A ). Similar responses have been previously reported (Berwick et al, 2008) . Both the initial peak and the steady-state component did not exhibit any change after MPEP and LY367385 intravenous injection (4.0 mg/kg) as reported in CBF example curves (Figure 2A ). On the contrary, a brief systemic increase in mean arterial blood pressure was recorded (significantly different only during the first 5 minutes after systemic injection; P < 0.05, Figure 2B ), which was not observed during placebo experiments (same volume of 1:1 polyethylene glycol:NaCl; data not shown).
Intravenous Injection of Metabotropic Glutamate Receptor 5 Antagonists Leads to High Levels of Receptor Occupancy
Next, we verified that the administration of MPEP and M-MPEP did indeed significantly block mGluR5 in our protocol. To this end, we conducted a series of concurrent optical/radiotracer experiments to quantify cortical mGluR5 occupancy and its effect on the hemodynamic response (n = 5). Using 11 C-ABP688, both MPEP and M-MPEP were found to significantly reduce radiolabel binding to the tissue On average, a 57% reduction in the density of free receptors in the tissue was measured (B max ; Figure 3D ). , and blood volume (HbT) on brief whisker stimulation were measured by optical spectroscopy in the activated barrel cortex, whereas cerebral blood flow (CBF) was measured by laser speckle imaging. (B) Average responses after intravenous injection of the mGluR5 and mGluR1 antagonists 6-methyl-2-(phenylethynyl)-pyridine (MPEP) and LY367385, respectively (1.2 mg/kg; pink), and after injection of 2-(3-methoxy-phenylethynyl)-6-methyl-pyridine (M-MPEP; four animals at 1 mg/kg; one animal at 2 mg/kg; one animal at 3 mg/kg; and two animals at 4 mg/kg; red) compared with baseline (black). Data shown were recorded 10 minutes after drug injection. No significant decrease of the response was observed after these treatments (statistical testing either for the MPEP-LY367385 and M-MPEP groups separately or for the two groups pooled together, n = 15). In contrast, after treatment with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 15 mg/kg; green; n = 6), a strong reduction in the hemodynamic signals was evident. (C) Peak deviations normalized to baseline (mean±s.e.m.; *P < 0.05, w P = 0.075, Wilcoxon signed-rank test). In total, MPEP-LY367385, M-MPEP, and CNQX were tested, respectively, in 7, 8, and 6 rats. Measurements at the later time points (30 and 45 minutes) did not show any significant decrease of the peak response (data not shown).
Evoked Neuronal Activity in the Somatosensory Cortex is Transiently Reduced by Metabotropic Glutamate Receptor 5 Blockage
To assess the potential impact of mGluR5 blockage on neuronal activity, and, in particular, to control for changes in the spatiotemporal dynamics of cortical brain activity on mGluR5 blockage by M-MPEP, VSD experiments were performed. VSD imaging provides a visualization of the cortical activity of a large neuronal population in the upper cortical layers with high spatial and temporal resolution (Chemla and Chavane, 2010) . VSD fluorescent signals evoked by a single whisker deflection were recorded in control conditions and after M-MPEP intravenous injection (4 mg/kg, n = 6). The VSD signal was slightly decreased, on average by 27% 5 minutes after M-MPEP injection (Figure 4 ). Measurements at later time points revealed this effect to be completely reversible, indicating a transient reduction in neuronal activity in response to mGluR5 block.
Discussion
Recent years have seen a surge in research on the physiology of astrocytes, and the regulation of local Figure 2 The neurovascular coupling response during longer stimulation is also not affected by group I metabotropic glutamate receptor antagonists 6-methyl-2-(phenylethynyl)-pyridine (MPEP) and LY367385. (A) Example of cerebral blood flow (CBF) recordings during 24-second whisker stimulation before (black) and 10 minutes after (pink) MPEP and LY367385 intravenous injection (4.0 mg/kg). (B) Systemic effect on mean arterial blood pressure (MAP) evoked by MPEP and LY367385 intravenous injection (4.0 mg/kg). Five minutes after drug injection, a significant increase was observed (MAP before injection: 101±11 mm Hg; 5 minutes after injection: 120 ± 4 mm Hg; 45 minutes after injection: 111 ± 11 mm Hg; mean ± s.d.; n = 4; *P < 0.05, Wilcoxon signed-rank test) before the arterial blood pressure returned to its baseline. This transient increase was not elicited by placebo injection (see text). Figure 3 Delivery of 2-(3-methoxy-phenylethynyl)-6-methylpyridine (M-MPEP) leads to blockage of metabotropic glutamate receptor 5 (mGluR5) in the rat somatosensory cortex but fails to attenuate the hemodynamic response. After the injection of M-MPEP (4 mg/kg), the washout of radiolabel from tissue was increased (B) compared with baseline condition (A) as represented by the decay-corrected tissue time-activity curves (blue circles). The model curve (blue line) and the radioactivity concentration in plasma (that is input curve; red line) are also shown. In A and B, the ordinate is truncated at 200 kBq/mL for legibility reasons. The full range of data is displayed in the insets (same axes legends). In this example, the estimated mGluR5 blockage amounted to 47%. CBF is one of the areas where a relatively comprehensive model involving astrocytes has been suggested (Attwell et al, 2010) . This model proposes that the activation of astrocytic metabotropic glutamate receptor mGluR5 by neuronal activity triggers intracellular Ca 2 + transients, leading to the activation of phospholipase A 2 . Phospholipase A 2 , in turn, activates a variety of pathways that ultimately lead to the release of possibly multiple vasoactive agents by astrocytes. The work presented here contradicts this model. More specifically, it contradicts the involvement of mGluR5 in triggering this complex chain of events. We have reported here that although antagonists of mGluR5 delivered intravenously cross the blood-brain barrier and block B80% of the receptors (Figure 3) , they fail to induce a reduction of the hemodynamic response on brief 4-and 24-second whisker stimulation (Figures 1 and 2) . However, it was found that mGluR5 antagonists provoke a transient increase in mean arterial blood pressure ( Figure 2 ) and a transient reduction of neuronal activity (Figure 4) . Additionally, injection of mGluR5 antagonists did not significantly affect the baseline CBF, which could have interacted with the hemodynamic response after the stimulation (data not shown).
As mentioned above, several studies have reported a reduction of the hemodynamic response on blockage of mGluR5 (Petzold et al, 2008; Takano et al, 2006; Zonta et al, 2003) . Activation of mGluR5 has also been reported to elicit Ca 2 + transients in astrocytes (Wang et al, 2006) . The present study differs from these studies in three ways. First, we used relatively brief whisker stimulations (4 and 24 seconds), whereas a 60-second stimulation was normally applied in these studies. Secondly, we used a thinned skull preparation to keep the system as intact and healthy as possible. Finally, we used a combination of intrinsic optical imaging and laser speckle imaging, whereas in the earlier studies CBF was measured with a laser Doppler probe. This last point, however, should not affect the results. Despite the fact that laser speckle imaging maps CBF in two dimensions and laser Doppler flowmetry is normally a point measurement, both techniques essentially rely on the same physical principles. It is important to note that we probed the system in a time frame comparable to the one used in other studies. For example, Zonta et al (2003) measured the effect of MPEP injection on CBF 15 to 20 minutes after injection. Our results show a very significant receptor occupancy 10 to 30 minutes after MPEP or M-MPEP injection (Figure 3 ), yet with no reduction in the hemodynamic response. In principle, the transient decrease in neural activity reflected by the decrease in VSD signal amplitude (Figure 4 ) should lead to a detectable reduction of the hemodynamic signal in the first few minutes after injection. One possible explanation of the absence of a hemodynamic effect is an interaction with the observed transient increase in systemic arterial blood pressure. A limitation of the present study is the fact that the stimulation protocols used for the VSD and hemodynamic imaging were not identical. Further investigation of this phenomenon will require a simultaneous acquisition of both signals to detect possible interactions on the single-trial level.
Blockage of mGluR5 by injection of the potent M-MPEP slightly but significantly increased the evoked CBF response ( Figure 1C ). It is difficult to give a simple explanation for this result as mGluR5 has a role in a variety of physiological processes, some of them of systemic nature, as reflected by the transiently elevated blood pressure.
Part, but not all, of the apparent contradiction between our data and previous reports could be explained by regional differences in the expression pattern of mGluR5, for example, the study by Petzold et al (2008) focused on the olfactory bulb. However, the question remains open whether astrocytic mGluR5 has a role in NVC. We note that the literature does not unequivocally support a key physiological role for astrocytic mGluR5 in functional hyperemia. The arguments are as follows.
First, it appears that expression of mGluR5 is mostly neuronal but that it can also be highly expressed in reactive glia. mGluR5 immunoreactivity has been reported in neurons, axons, or vesicles (Jia et al, 1999) , and the receptor is indeed widely expressed by neurons in adult rodents (Ferraguti and Shigemoto, 2006) . In support of these results, knocking out mGluR5 only in cortical excitatory neurons strongly reduces its overall expression level in the cortex (Ballester-Rosado et al, 2010) . Moreover, in the cerebral cortex, all non-neuronal cells were found to be negative for mGluR5 by Mudo et al (2007) . Although mGluR5 has been reported in hypothalamic (Van Den Pol et al, 1995) and cultured (Biber et al, 1999) astrocytes, high levels of astrocytic mGluR5 expression have been observed in reactive glia and are thus often associated with non-physiological conditions (Aronica et al, 2000; Notenboom et al, 2006) . Consistent with this view, mGluR5 expression is increased in vitro in the presence of growth factors, such as transforming growth factor-a and epidermal growth factor, in the extracellular environment (Miller et al, 1995) .
Secondly, G-protein-coupled receptors are, in general, responsible for slow postsynaptic signaling. In a recent review, Cauli and Hamel (2010) discuss the temporal sequence of astrocytic and neuronal contributions to CBF control. In both neurons and astrocytes, intracellular Ca 2 + increases code neuronal activity and elicit several cascades of events. Neurons express ionotropic receptors more frequently and abundantly than astrocytes and consequently are able to evoke quick changes in membrane potential, inducing rapid intracellular Ca 2 + increases in a time window of B10 to 12 milliseconds. On the contrary, because of their signal trasduction pathways, metabotropic receptors, in general, elicit responses of slower onset and longer duration, from seconds to potentially hours, although G-protein-coupled receptor-mediated synaptic responses can occur at relatively fast time scales of 1 to 2 seconds on strong stimulation (Charpak and Gahwiler, 1991) . Although these faster responses are compatible with functional hyperemia, it seems more likely that group I mGluRs expressed in either neurons and/or astrocytes are responsible for the slow components of Ca 2 + dynamics (Cauli and Hamel, 2010) . In different in vivo studies (Devor et al, 2008; Takano et al, 2006; Weber et al, 2004) and in the data reported here, a hemodynamic delay of B500 milliseconds was observed, indicating that the transient phase of the hemodynamic response, if it is Ca 2 + induced, is likely to be initiated by cells with fast Ca 2 + dynamics. Astrocytes, which only in a small portion exhibit Ca 2 + responses as fast as in neurons (Winship et al, 2007) , potentially contribute to NVC regulation only in the later response phase.
Finally, other groups have also reported findings contradicting the mGluR5 astrocytic model. Takata and Hirase (2008) have reported that astrocytic spontaneous Ca 2 + surges are not affected by MPEP systemic injection or pyridoxalphosphate-6-azophenyl-2 0 ,4 0 -disulfonic acid (a non-selective P2 purinergic antagonist) topical application in L1 and L2/3 of the somatosensory cortex of anesthetized rats (Takata and Hirase, 2008) , indicating that the spontaneous astrocytic Ca 2 + surges are independent of metabotropic glutamate or purinergic receptors. More recently, Devor's group reported that astrocytic Ca 2 + increases are infrequent and delayed compared with the onset of vasodilation on a variety of stimulation types in the rat or mouse somatosensory cortex (Nizar et al, 2010) . Taken together, these studies are not supportive of a predominant role for astrocytic mGluR5 in triggering the fast initial hemodynamic response and do not support the notion that the transient neurovascular response is mediated through a Ca 2 + -related mechanism. However, our results and the literature cited above do not rule out a possible involvement of mGluR5 in the late maintenance phases of the hemodynamic response, which would then explain why other groups have observed a reduction of the neurovascular response on MPEP delivery after longer periods of stimulation (30 to 60 seconds). However, at least for the whisker-tobarrel system, such long-lasting activity patterns are rather artificial, and rapid neuronal adaptation already occurs after a few seconds after stimulation onset.
The results presented here strongly suggest that mGluR5 does not play a crucial role in the transient phase of the hemodynamic response. Thus, the exact mechanism by which astrocytes sense the extracellular glutamate concentration and trigger intracellular events for regulation of the vascular response remains unclear, and research on this topic must be continued.
